Abstract
1, Introduction
A preload independent index of left ventricular (LV) contractility remains the Holy Grail of the non-invasive assessment of left ventricular function [ 11. While many different indices as derived from various imaging modalities have been proposed, most rely on complex analysis of echocardiographic images or a combination of non-invasive and invasive hemodynamic data. Ventricular power has been shown to be a valuable index of LV contractility and is derived as the instantaneous product of pressure and flow. Accurate measurements require invasive measurements of aortic root (or direct LV) pressures combined with temporal reconstructions of aortic flow from LV outflow tract Doppler waveforms. Obviously, this is technically demanding, time consuming, and impractical for routine clinical use. Various other means of estimating cardiac power (peak and/or mean) have been proposed, but little work has been done validating the methods against peak instantaneous power (PIP) 121.
Furthermore, it has been shown that when corrected by end-diastolic volume (EDV), and even more-so by EDV squared (EDV'), PIP can be a relatively preloadindependent index of LV contractility -hence enhancing it's application to the assessment of cardiac function independent of loading conditions [2,3]. The utility of non-invasive estimates of cardiac power would therefore be enhanced if they too were shown to be preloadindependent when corrected by either EDV or EDV2.
Methods

Numerical modeling
A numerical model of the cardiovascular system was developed based upon fluid dynamics concepts and previous research describing the mathematical relationships of cardiac chamber (atrial and ventricular) systolic and diastolic pressure-volume curves. Our model, written in the LabVIEW (National Instruments, Austin, TX, USA) programming environment, is a lumped parameter, closed-loop model that consist of 24 first order differential equations. These equations are solved iteratively using the fourth-order Runge-Kutta method and results in instantaneous (5 ms intervals) pressures (Equation l), volumes (Equation 2), and flows (Equation 3) through the heart and cardiovascular system.
The pulmonary and systemic venous and arterial systems were modeled with a linear pressurdvolume relationship and compliance. A linear pressurdvolume relationship and constant elastance was used for the atria.
For the ventricles, a linear P N relationship was used for systole, whereas diastole was modeled with a rising mono-exponential function above and a negative exponential equation below an equilibrium volume. Experimentally obtained and clinically verified values for left atrial and ventricular systolic and diastolic parameters were used as constants [4].
To explore the effects of changes in preload on the different power equationshelationships, total systemic volume was altered (4000 -6000 ml in 250 ml increments). Similarly, to explore the relationships under varying afterload conditions, aortic compliance was independently varied from 1.0 to 2.5 ml/mmHg. Finally, the independent effects of changes in ventricular function were also studied with a range in ventricular elastance from 2 to 8 mmHg/ml. For each physiologic parameter modeled, waveforms and volumes were analyzed similar to the analysis performed on the clinical waveforms and volumes. Overall, 30 different conditions were modeled.
.. MAP is mean arterial pressure, SBP is systolic blood pressure, and SV is stroke volume,
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Power calculations
Statistical analysis
Each of the 5 power estimates were corrected by EDV and EDV2. To allow for direct comparison of the different techniques of determining power, all results were normalized to baseline (i.e. results obtained prior to changes in preload, afterload, or contractility). The slopes, as determined using regression analysis, of each method under each set of changes in physiologic conditions were determined. The slopes were determined for the raw (uncorrected). and corrected (EDV and EDV2) results.
Results
Perturbations in preload
The 
Perturbations in afterload
The effects of perturbations in afterload are shown below: 
Perturbations in contractility
Finally, the effects of changes in contractility are demonstrated below: Predictably, increases in contractility result in increases in cardiac power mechanisms. Furthermore, these power vs. contractility relationships are preserved when correcting by preload ( figure b and c) .
Quantitative assessment
To correlate different methods of estimating power with PIP, the maximal uncorrected and corrected normalized value was determined. Changes in contractility resulted in a 2.47-fold increase in power. As expected for a load independent index of contractility, results were similar to uncorrected results.
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Discussion
Power(P1~) I 2.47 I 2.5 1 PIP is the peak instantaneous product of LV outflow and pressure during systole. "Preload adjusted" PIP is relatively independent of loading conditions and is predictive of outcome [ 5 ] . However, measurement of PIP requires temporal alignment of the LV pressure and outflow Doppler waveforms -both time-consuming and technically demanding.
Other estimates of PIP have been proposed, but each has limitations to clinical use. Maximal power, derived from the peak LV pressure and peak flow, is a potentially useful measure of LV systolic function but has not yet found widespread clinical application in part due to the need for invasive measurement. Mean power, relies on echocardiographic measurement of the aortic time velocity integral instead of peak aortic flow velocity, and is unreliable during exercise echocardiography [6] .
Despite these limitations, the invasive and noninvasive assessment of cardiac power can be a useful 2.55 clinical tool. We have demonstrated, using a well validated numerical model, that different techniques for estimating PIP respond to changes in preload, afterload, and contractility in similar fashion. Furthermore, we have shown that these relationshi s are preserved when correcting for EDV and EDV thereby numerically validating their potential for broader application.
Although our results are limited by a lack of clinical validation, the application of an established numerical model demonstrates that the results are valid on a theoretical and mathematical basis. Nevertheless, clinical validation is still required. Through the application of numerical modeling, different methods for estimating PIP based upon invasively and non-invasively derived parameters correlate with PIP. When preload corrected, similar to true PIP, they are also relatively load-independence.
Simplified techniques of estimating PIP can be used as useful surrogates of overall cardiac contractile function. PAFxMAP I 2.40
